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Jianwu Zeng, Student Member, IEEE, Zhe Zhang, Student Member, IEEE, and Wei Qiao, Senior Member, IEEE
Abstract—This paper proposes an adaptive interconnection and
damping assignment (IDA) passivity-based controller (PBC) with
a complementary proportional integral (PI) controller for dc–dc
boost converters with constant power loads (CPLs). The plant
is modeled as a port-controlled Hamiltonian system (PCHS). A
virtual circuit that interprets the parameters of the PCHS is
then derived to determine the parameters of the IDA-PBC for
the system to work in the underdamping, critical-damping, and
overdamping modes. Moreover, a complementary PI controller
is designed to eliminate the steady-state output voltage error of
the IDA-PBC caused by the load variation. Simulation studies are
carried out in MATLAB/Simulink to validate the proposed control
algorithm for a dc–dc boost converter with a CPL; results show
that the proposed control algorithm ensures the stability and fast
response of the system in different modes when the load changes.
Experimental results are provided to further validate the design
and simulation of the proposed control algorithm.
Index Terms—Constant power load (CPL), dc–dc boost con-
verter, interconnection and damping assignment (IDA), passivity-
based controller (PBC), port-controlled Hamiltonian system
(PCHS).
I. INTRODUCTION
W ITH the growth of energy demand and depletion ofenergy resources, renewable energy has drawn more
and more attention [1]. In recent years, many distributed re-
newable energy resources, such as photovoltaic (PV) systems
and wind turbines, are being installed into the utility power
grids. However, the integration of many distributed generation
units may affect the power quality of the utility grids [2]. One
solution to the problem is to construct a microgrid to integrate
the distributed generation units in a certain area, manage the
units locally within the microgrid, and connect the microgrid to
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the utility grid while satisfying the power quality requirement
at the connecting point of the microgrid.
There are two categories of microgrids, namely, ac micro-
grids and dc microgrids. Most microgrids adopt ac distribution,
which is the same as the utility power grids. In this case, the
dc power sources, such as PV systems, fuel cells, and energy
storage systems, are connected to the microgrids via inverters.
DC microgrids have been proposed and researched in order to
reduce energy conversion losses from the sources to dc loads
[3], [4]. Moreover, the proliferation of low-power electronic
devices and the potential of using light-emitting diodes to
reduce lighting loads make it plausible to use dc microgrids
[5]. The technical challenges associated with the operation and
control of dc microgrids is immense [6], particularly when a dc
microgrid with constant power loads (CPLs) works in the island
mode.
In a dc microgrid, dc sources are commonly connected to
the grid through dc–dc boost converters [7]. It is well known
that the negative incremental impedance property of a CPL
might cause a dc-bus voltage oscillation or even instability
when conventional linear controllers are used [8]. Much re-
search effort has been devoted to developing nonlinear control
techniques for converters with CPLs [9]. For example, a sliding-
mode controller was developed for a buck converter with a
CPL [10]; a hybrid model predictive control was proposed for
a boost converter with a CPL [11]; a passivity-based controller
(PBC) was designed for buck, boost, and buck–boost converters
with CPLs [12], [13]. An advantage of the PBC over other
nonlinear control methods is that this approach utilizes the
structural properties of the physical systems to achieve an easily
implemented control law [14].
The PBC combined with the interconnection and damping
assignment (IDA) technique has been used for stability analysis
of a dc microgrid [15]. However, the IDA parameters were
usually determined by simulations and fixed after they were
designed for a typical operating condition, e.g., a specific power
level of the CPL and dc-bus voltage. In real applications, the
values of system state variables usually vary from time to time.
Therefore, the IDA with fixed parameters will not be optimal
when the system operating condition changes. Furthermore, the
PBC requires precise values of the state variables in order to
control the system to work at a desired operating point. How-
ever, estimation or measurement errors of the state variables
may result in a deviation between the real and desired operating
points when using a PBC.
0093-9994 © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 1. Typical configuration of a dc microgrid.
This paper proposes an adaptive IDA-PBC for a dc–dc boost
converter with a CPL. By using the principles of the port-
controlled Hamiltonian system (PCHS) and IDA, a virtual
circuit is derived for designing the parameters of the proposed
controller. Then, three different working modes, i.e., under-
damping, critical-damping, and overdamping modes, of the
dc–dc boost converter with a CPL can be achieved by setting
proper controller parameters through analyzing the virtual cir-
cuit. Moreover, since the dc–dc boost converter exhibits highly
nonlinear properties, it is not an easy task to design a control
algorithm that is robust against load variations [16]. In this
paper, a complementary proportional integral (PI) controller
is designed to work with the IDA-PBC together to eliminate
the steady-state error of the output voltage caused by the load
variation.
This paper is organized as follows. Section II introduces
the typical structure of a dc microgrid with dc–dc converter
integrated sources and describes the passivity model of a
dc–dc boost converter. Section III proposes the PI controller-
compensated IDA-PBC for controlling the dc–dc boost con-
verter with a CPL. Section IV validates the proposed control
algorithm by computer simulations in MATLAB/Simulink.
Section V further validates the proposed control algorithm by
experiments. Concluding remarks are provided in Section VI to
summarize this paper.
II. PROBLEM DESCRIPTION
A. DC Microgrid With CPLs
Fig. 1 shows the typical configuration of a dc microgrid,
which consists of n sources and m CPLs. Each source is
connected to the microgrid through a dc–dc converter. The dc
microgrid is connected to the utility grid through a rectifier/
inverter interface. When the dc microgrid works in the grid-
connected mode, the utility grid not only provides the defi-
cient power required by the dc microgrid but also absorbs
the surplus power generated by the microgrid. However, when
the dc microgird is disconnected from the utility grid, it will
become an autonomic system and operate in the island mode.
In this case, the dc microgrid will suffer from two issues.
One is the unbalance power between the sources and loads.
The other is dc-bus voltage variations. These two issues will
Fig. 2. DC–DC boost converter with a CPL.
become more challenging when the microgrid has CPLs. The
CPLs may cause power oscillation or even instability of the
system because of their negative impedance characteristics [6],
which cannot be stabilized by using conventional linear control
methods [17]. To overcome the instability problem, nonlinear
controllers are required [18].
In this paper, it is assumed that the microgrid adopts a
two-level control scheme, namely, the grid-level control and
the converter-level control. The grid-level controller assigns
a power reference for each converter (see Fig. 1), in which
Pi (i = 1, 2, . . . , n) is the reference power for the ith converter.
The converter-level controller regulates the converter output
power to its reference value assigned by the grid-level con-
troller. The focus of this paper is to design the converter-level
controller for each dc–dc converter, so that it is capable of sup-
plying desired power while keeping the dc-bus voltage at a de-
sired constant value. Particularly, when there is only one source
available to supply the dc microgrid operating in the island
mode, then the overall load in the microgrid will be viewed as a
CPL for the dc–dc converter of the source. For example, when
all of the renewable energy sources are unavailable or only gen-
erate a little power, the CPLs of the dc microgrid are all supplied
by a backup energy storage system, e.g., a battery system.
B. Modeling a DC–DC Boost Converter With a CPL
Fig. 2 shows the topology of a dc–dc boost converter sup-
plying a CPL. To simplify the analysis, it is assumed that the
boost converter works in the continuous conduction mode. The
differential equations of the circuit can be expressed as{
i˙ = −(1−d)L v +
E
L
v˙ = 1−dC i− PC·v
(1)
where i is the inductor current; v is the converter output voltage
or the voltage of the dc bus at the load side; d is the duty ratio
of the switch (0 ≤ d ≤ 1); P is the power of the CPL; and E is
the input voltage of the boost converter.
It has been proved [10], [19] that due to the CPL’s negative
incremental impedance characteristic, the system in Fig. 2
cannot be stabilized by using traditional linear controllers, e.g.,
a PI controller with fixed parameters, during large disturbances
or changes in the operating condition, e.g., a large variation in
the dc-bus voltage or the load power.
III. DESIGN OF THE PROPOSED CONTROL ALGORITHM
In this section, an improved IDA-PBC is proposed for the
dc–dc boost converter with a CPL (see Fig. 2), which is
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modeled in a PCHS form. The proposed nonlinear controller
ensures the stability and fast response of the system during large
disturbances in load and dc-bus voltage.
A. IDA-PBC
From the energy point of view, the Hamiltonian function
of the dc–dc boost converter with a CPL represents the total
energy stored in the dynamic system and can be written as
H(x) =
1
2L
x21 +
1
2C
x22 (2)
where x = [x1, x2]T = [L · i, C · v]T represents the inductor
flux linkage and the electric charge in the capacitor. Consider-
ing (1) and (2), the boost converter with a CPL can be modeled
in a PCHS form as{
x˙ = [J(x)−R(x)] · ∂H(x)∂x + ζ + g(x)u
y = gT (x)∂H(x)∂x
(3)
where J(x) is the interconnection matrix satisfying J(x) =
−J(x); R(x) is the dissipation matrix satisfying R(x) =
RT (x); ζ = [E, 0]T is the input voltage term representing the
external force; u is the control signal; and y is the output of the
PCHS. The coefficient matrices and vector are expressed as
J(x) =
(
0 −1
1 0
)
R(x) =
(
0 0
0 PC
x22
)
g(x) =
(
x2
C−x1
L
)
.
The idea of the IDA is to assign a desired energy function
to the system with a desired equilibrium point x∗ via modifying
the interconnection and dissipation matrices and the control law
(called reshaping). In this paper, the desired energy function is
defined as follows:
Hd(x) =
1
2L
(x1 − x∗1)2 +
1
2C
(x2 − x∗2)2 . (4)
Assume that there are matrices Jd(x) = −JTd (x), Rd(x) =
RTd (x) ≥ 0, and a differentiable scalar function Hd(x)
such that
x∗ = argminHd(x). (5)
Then assume that there exists a control law u = β(x) making
the closed-loop system (3) take the following PCHS form:
x˙ = [Jd(x)−Rd(x)] · ∂Hd(x)
∂x
(6)
with a stable equilibrium x∗. Furthermore, if the largest invari-
ant set of x of the closed-loop system contained in the follow-
ing set: {
x ∈ Rn | ∂H
T
d (x)
∂x
Rd(x)
∂Hd(x)
∂x
= 0
}
(7)
is equal to {x∗}, the closed-loop system is asymptotically
stable [20].
Proof: It is known that the PCHS naturally satisfies the
energy-balance criteria, which is of the form, i.e.,
H˙ = uT y − ∂H
T (x)
∂x
R(x)
∂H(x)
∂x
. (8)
By substituting u = β(x) into (3), (6) can be obtained. Since
there is no input port in the PCHS described by (6) after the
reshaping process, the following can be obtained along the
states’ trajectories of the closed-loop system (6):
H˙d = −∂H
T
d (x)
∂x
Rd(x)
∂Hd(x)
∂x
≤ 0. (9)
Since Rd(x) is a positive-definite matrix and Hd(x) is non-
increasing along with time, Hd(x) is qualified as Lyapunov
function. Asymptotic stability follows immediately by invoking
La Salle’s invariance principle [21] and condition (7).
Then, the desired target dynamics of the PCHS is (6) by
defining Jd(x)=0 and Rd(x)=diag(r1, 1/r2), where diag(·)
denotes a diagonal matrix. According to (3) and (6) there is
[Jd(x)−Rd(x)] ∂Hd(x)
∂x
= [J(x)−R(x)] ∂H(x)
∂x
+ ζ + g(x)u. (10)
Let Hd(x) = H(x) +Ha(x), Jd(x) = J(x) + Ja(x) +
g(x)u · [∂H/∂x]−1, Rd(x) = R(x) +Ra(x), and u = d,
which is the duty ratio of the switch, then
[Jd(x)−Rd(x)] ∂Ha(x)
∂x
= − [Ja(x)−Ra(x)] ∂H(x)
∂x
+ ζ
(11)
where
Ja(x) = −
(
0 −(1− d)
1− d 0
)
Ra(x) =
(
r1 0
0 1r2 − C
2P
x22
)
.
Equation (11) can be further written as(−r1 0
0 −1r2
)
∂Ha(x)
∂x
=
(
r1
L
−(1−d)
C
(1−d)
L
1
r2C
− CP
x22
)
· x+
(
1
0
)
· E. (12)
Let K(x) = (∂Ha(x))/(∂x) = ((∂Hd(x))/(∂x))−
((∂H(x))/(∂x)) = [−(x∗1/L) − (x∗2/C)]T , then (12)
becomes ⎧⎨
⎩
−x∗1L r1 = − r1L x1 + 1−dC x2 − E
−x∗2C 1r2 =
−(1−d)
L x1 − 1r2·C x2 + CPx2 .
(13)
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Fig. 3. Virtual equivalent circuit described by the right-hand side of (11).
Substituting x = [L · i, C · v]T into (13) yields
−I∗r1 = − i · r1 + v(1− d)− E (14)
−V ∗
r2
= − i(1− d)− v
r2
+
P
v
(15)
where I∗ and V ∗ are the desired equilibrium points of i and
v, respectively. Let I∗ = P/E, the control law can be obtained
from (14) as follows:
d =
v − E + r1(P/E − i)
v
(16)
when i = I∗, d = 1− E/v. According to (1), there is (1−
d)i = C v˙ + P/v. Then (15) becomes
1
r2
=
Cv˙
V ∗ − v . (17)
Equation (17) indicates that r2 varies with the dc-bus voltage.
B. Damping Parameter Design
A new boost converter (see Fig. 3) is constructed by placing
r′1 in series with the inductor and r′2 in parallel with the load in
the original boost converter shown in Fig. 2. The function of r′1
and r′2 is to increase the damping factor of the circuit.
The state–space equation of the virtual equivalent circuit is
x˙ =
(
− r′1L − 1−dC
1−d
L − 1r′2C −
CP
x22
)
· x+
(
1
0
)
· E (18)
where the right-hand side of (18) has the same form as that of
(12). Then, the virtual equivalent circuit in Fig. 3 can be used to
determine the control parameter r1 in (16) if the relationships
between r1 and r′1 as well as between r2 and r′2 are known.
The desired state–space equation is shown as (6), which has
the following form:
x˙ = [Jd(x)−Rd(x)] · ∂H
∂x
= −
[
r1 0
0 1/r2
]
·
[
x1 − x∗1
x2 − x∗2
]
.
(19)
Since the virtual circuit has the same structure and dynamics
as the desired system. Thus, the right-hand side of (18) and (19)
should be the same. Therefore, the following equations can be
obtained:{
r′1 =
E+ir1−I∗r1−(1−d)v
i , i > ε
1
r′2
= 1r2
(
1− V ∗v
)
+ (1−d)iv − Pv2 , v ≥ E
(20)
where ε represents a small positive value. Since E − i · r1 is
the average voltage across switch S whose value is equal to
(1− d)v. Then,{
r′1 =
(
2− I∗i
) · r1, i > ε
1
r′2
= (1−d)i−C·v˙−P/vv , v ≥ E.
(21)
It can be seen that the control parameter r1 varies with the
current i if r′1 is fixed.
The characteristic equation of (18) becomes
s2 +
(
r′1
L
+
1
r′2C
+
P
CV ∗2
)
· s+ (1−D)
2
LC
+
r′1
L
(
1
r′2C
+
P
CV ∗2
)
= 0 (22)
where D is the steady-state duty ratio. The damping factor can
be derived as follows:
ξ =
r′1
L +
1
C
(
1
r′2
+ PV ∗2
)
2
√
(1−D)2
LC +
r′1
LC
(
1
r′2
+ PV ∗2
) . (23)
From (21), it can be seen that near the steady state when
v = V ∗ and i = I∗, there are r′1 = r1 and r′2 → ∞. Then the
damping factor near the steady state becomes
ξ =
r′1
L +
P
CV ∗2
2
√
(1−D)2
LC +
r′1
LC · PV ∗2
. (24)
When ξ ∈ (0, 1), the overshoot of the system can be calcu-
lated as
σ% = exp
(
− π · ξ√
1− ξ2
)
× 100%. (25)
Particularly when ξ = 1, the critical value of r′1 becomes
r′1C = 2
√
L
C
(1−D) + LP
CV ∗2
. (26)
Once the desired point [V ∗, I∗] is given, parameter r′1 can be
calculated according to (24) if ξ is given. The control parameter
r1 in (16) then can be determined from (21).
C. Complementary PI Controller
Theoretically, the converter output voltage can be controlled
at the desired value accurately by the proposed IDA-PBC if
an accurate system dynamical model and accurate information
of the system operating condition are available. However, in
practice, due to the variations and uncertainties of system pa-
rameters and operating condition, e.g., the unmodeled parasitic
impedance of the converter, the IDA-PBC may not be able to
control the converter output voltage at the desired value exactly
when the load power changes, resulting in a steady-state output
voltage error ev (ev = V ∗ − v). To eliminate the steady-state
error ev , a complementary PI controller is designed to adjust
the reference power of the IDA-PBC. Fig. 4 shows the overall
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Fig. 4. Overall control algorithm of the system.
control scheme of the system. The complementary PI controller
uses the output voltage of the converter as the feedback signal,
which is compared with the desired output voltage. The voltage
error is passed through a voltage limiter with the slop of one.
The output of the voltage limiter, e′v , is then used by a PI
regulator to generate a compensating power reference ΔP as
follows:
ΔP = kp · e′v +
∫
ki · e′v · dt |e′v| ≤ eM (27)
where eM is the maximum value of the voltage limiter; kp and
ki are the proportional and integral gains, respectively, of the PI
regulator.
The value of ΔP is limited by a power limiter, whose output
ΔP ′ is used as a supplementary power reference for the IDA-
PBC to account for load variations. Then the power in (16) is
adjusted as follows:
P = P ∗ +ΔP ′ |ΔP ′| ≤ ΔPM (28)
where P ∗ is the reference power; P is the adjusted power value
used in (16) and an input for the IDA-PBC; and ΔPM is the
maximum value of the compensated power, which is used to
avoid the saturation of the PI regulator.
IV. SIMULATION RESULTS
Simulations are carried in MATLAB/Simulink to validate
the proposed control algorithm. The CPL is implemented by
using a controllable current source whose current is regulated
according to the power of the CPL and dc-bus voltage (output
voltage) of the converter. The parameters of the converter are set
as follows: switching frequency f = 20 kHz, inductance L =
400 μH, capacitance C = 1000 μF, source voltage E = 40 V,
output voltage v = 120 V, and the nominal power of the CPL
is 100 W. The critical value of r′1 is calculated from (26) to be
r′1C = 0.42. Then, in the simulation; r′1 is set as 0.25 (ξ = 0.6),
0.42 (ξ = 1), and 0.6 (ξ = 1.4) to make the system work in
Fig. 5. Simulated inductor current and output voltage responses without the
complementary PI controller when the CPL is step changed from 60 to 100 W.
(a) Inductor current. (b) Output voltage.
the underdamping, critical-damping, and overdamping modes,
respectively.
To testify the effectiveness of using the virtual equivalent
circuit in Fig. 3 to determine parameter r′1 of the IDA-PBC, the
complementary PI controller is deactivated. In the simulation,
the responses of the inductor current and output voltage of the
converter are examined when the load is step changed from 60
to 100 W and back to 60 W. Fig. 5 shows the inductor current
and the output voltage responses for different values of r′1,
which determines the dynamic characteristic of the system. For
instance, r′1 = 0.6 leads to an overdamping system, and there
is no overshoot in the inductor current or the output voltage
response; when r′1 = 0.25, it is an underdamping system and
there are overshoots in both the inductor current and the output
voltage responses. In all three cases, the system is stable, which
cannot be achieved by using conventional PI controllers due to
the negative incremental impedance characteristic of the CPL.
However, when the power of the CPL is 60 W, which is lower
than its nominal power, the output voltage is slightly higher than
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Fig. 6. Simulated output voltage responses of the converter without and with
the complementary PI controller (kp = 20, ki = 250 · kp) when the CPL is
step changed between 60 and 100 W, where r′1 = 0.6 in the IDA-PBC.
the desired output voltage of 120 V in all three cases. Such
a voltage deviation is caused by the change of the operating
point due to the load variation from the operating point (100 W)
where the controller is designed. To eliminate the output voltage
deviation, a complementary PI controller is used.
Fig. 6 compares the responses of the converter output voltage
without and with the complementary PI controller when the
CPL is step changed between 60 and 100 W, where r′1 = 0.6 in
the IDA-PBC. It can be seen that, when the complementary PI
controller is not used, the steady-state output voltage changes
due to the load variation. When the CPL is 100 W where
the IDA-PBC is designed, the steady-state output voltage is
maintained at the nominal value of 120 V. However, when the
CPL is 60 W, the steady-state output voltage is 120.6 V, which
has a 0.6-V deviation from the nominal value. The complemen-
tary PI controller is then used with the IDA-PBC to eliminate
the steady-state error of the output voltage. The parameters in
(27) are set as follows: eM = 3 V, kp = 20, ki = 250 · kp, and
ΔPM = 50 W. In this case, when the CPL is step changed
from 60 to 100 W, the steady-state output voltage is maintained
at 120 V accurately after a 10-ms transient. Therefore, the
complementary PI controller has effectively eliminated the
steady-state error of the output voltage when the load changes.
The proposed control algorithm is also compared with the
control algorithm presented in [15] via simulation studies.
Fig. 7 shows the simulated inductor current and output volt-
age responses of the boost dc–dc converter with the control
algorithm presented in [15]. The parameters of the control
algorithm are set as follows: r1 = 2, 4, and 6, respectively,
and r2 = 50. Large current and voltage overshoots indicate a
small damping factor. Therefore, the damping factor increases
with the increase in r1, as shown in Fig. 7. Compared with
the proposed control algorithm, which can make the system
work in three different modes by using different values of r′1,
the control algorithm in [15], however, makes the system work
in the underdamping mode only regardless of the value of r1.
Moreover, it should be noted that there is a feasible range for the
parameters of the control algorithm in [15]. For example, in this
Fig. 7. Simulated current responses using the controller in [15] when the
CPL is step changed between 60 and 100 W. (a) Inductor current. (b) Output
voltage.
paper the values of r1 and r2 should be set less than 7 and larger
than 20, respectively; otherwise, it will result in a complex duty
ratio, which is not suitable for the converter. The merit of the
control algorithm in [15] is that it can eliminate the steady-
state output voltage error without using the complementary PI
controller. As shown in Fig. 7(b), the steady-state output voltage
is always maintained at 120 V in different load conditions.
However, the transient lasts 50 ms, which is much longer than
the 10-ms transient in Fig. 6. Therefore, the IDA-PBC with
the complementary PI controller has faster response than the
control algorithm in [15].
V. EXPERIMENTAL RESULTS
The system simulated is constructed in hardware to further
validate the proposed control algorithm via experimental stud-
ies. Fig. 8 shows the experimental system setup. It consists of
the dc–dc boost converter, a dSPACE 1104 board, a converter
and dSPACE interface board, a dc source, and a Kikusui
Plz664WA programmable dc electronic load, which is used
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Fig. 8. Experimental system setup.
to emulate the CPL. The control algorithm is implemented in
the dSPACE 1104 real-time control platform. The slew rate
of the load change is set as 1.2× 106 W/s instead of infinity
in the experiment due to the limitation of the electronic load.
Fig. 9 shows the inductor current (i) and the output voltage
(v) responses for different values of r′1 when the load changes
from 100 to 60 W without the complementary PI controller.
Similar to the simulation results in Fig. 5, when r′1 = 0.25, the
system is in the underdamping mode, although the measured
current and voltage overshoots are smaller than those in the
simulation. This is because the damping factor of the system
is increased by the parasitic resistance of the inductor, which
is connected in series with the virtual resistance r′1, as shown
in Fig. 3; whereas such a parasitic resistance is zero in the
simulation. When r′1 = 0.6, the system is in the overdamping
mode, and there is no current or voltage overshoot; which is
close to the simulation result. The experimental results again
validate the effectiveness of using the virtual equivalent circuit
for designing the parameter r′1 of the IDA-PBC. It should be
noted that the steady-state inductor current in Fig. 9 is slightly
higher than that in Fig. 5. As shown in Fig. 9, when the load
is 100 W, the measured inductor current is 2.64 A, which is
slightly higher than 2.5 A in Fig. 5. This is because the losses
of the converter are neglected in the simulation but cannot be
neglected in the experiment. Due to the losses of the converter,
it requires a larger current in the experiment than that in the
simulation in order to supply the same amount of power to the
load. When the load is 60 W, the measured steady-state output
voltage corresponding to the underdamping, critical-damping,
and overdamping modes are 120.9, 121.3, and 121.4 V,
respectively. Such voltage deviations need to be eliminated.
Fig. 10 shows the measured responses of the inductor current
(i) and output voltage (v) with the complementary PI controller
(kp = 20, ki = 250 · kp) when the CPL is changed from 100 to
60 W and r′1 = 0.6. As shown in Fig. 10, the transient state
lasts approximately 15 ms, during which the output voltage has
a 0.7-V overshoot and then drops back to 120 V. Compared
with Fig. 9(c) where the steady-state voltage error is 1.4 V,
the steady-state output voltage error is eliminated by using the
complementary PI controller.
Fig. 9. Measured inductor current (i) and output voltage (v) responses
without the complementary PI controller when the CPL is step changed from
100 to 60 W. (a) r′1 = 0.25; (b) r′1 = 0.42; and (c) r′1 = 0.6.
VI. CONCLUSION
This paper has proposed an IDA-PBC with a complementary
PI controller for a dc–dc boost converter with a CPL. A virtual
circuit has been introduced for designing the parameters of
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Fig. 10. Measured inductor current (i) and output voltage (v) responses with
the complementary PI controller (kp = 20, ki = 250 · kp) when the CPL is
step changed from 100 to 60 W and r′1 = 0.6 in the IDA-PBC.
the IDA-PBC to effectively control the dc–dc boost converter
in underdamping, critical-damping, and overdamping modes.
Simulation and experimental studies have been performed to
validate the proposed controller. Results have shown that the
proposed controller not only ensures the stability but also
achieves fast response of the system in different modes. More-
over, the steady-state output voltage error has been eliminated
by using the complementary PI controller when the load was
changed. The proposed controller is also applicable to other
dc/dc converter topologies.
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